Abstract. The US Long Baseline Neutrino Experiment Study was commissioned jointly by Brookhaven National Laboratory and Fermi National Accelerator Laboratory to investigate the potential for future U.S. based long baseline neutrino oscillation experiments beyond the currently planned program. The Study focused on MW class conventionat neutrino beams that can be produced at Fermilab or BNL. The experimental baselines are based on two possible detector locations: 1) off-axis to the existing Fennilab NuMI beamline at baselines of 700 to 810 km and 2) NSF's proposed future Deep Underground Science and Engineering Laboratory (DUSEL) at baselines greater than 1000krn. Two detector technologies are considered: a megaton class Water Cherenkov detector deployed deep underground at a DUSEL site, or a l0OkT Liquid Argon Time-Projection Chamber (TPC) deployed on the surface at any of the proposed sites. The physics sensitivities of the proposed experiments are summarized. We find that conventional horn focused wide-band neutrino beam options from Fermilab or BNL aimed at a massive detector with a baseline of > l OOOkm have the best sensitivity to CP violation and the neutrino mass hierarchy for values of the mixing angle eI3 down to 2.2'.
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INTRODUCTION
There are three neutrino flavor eigenstates (v,, vp, v,) made up of a superposition of three mass eigenstates (v, , v2, v3).
It is believed that mixing between the flavor states is responsible for the phenomenon of neutrino oscillations. The two mass squared differences ( h g 2 and h g I ) govern how the oscillations evolve over time. The three mixing angles (el2, 643, &3) govern the amount of mixing between the different flavor states. As there are at least three generations mixing, a complex phase (6cp ) determines the amount of violation of charge-parity (CP) symmetry. Our current knowledge of the parameters governing neutrino oscillations comes from observations of atmospheric, solar, and reactor neutrinos and is summarized in ref. [I] . Currently, the value of the mixing angle, 013 is unknown, but is expected to be < 10" at the 90% C.L. The sign of the mass difference el which determines the ordering of the mass eigenstates is also unknown and the value of &p is unknown. The current generation of neutrino oscillation experiments have no sensitivity to the value of &p -and hence cannot determine whether CP is violated in the neutrino sector -and very limited sensitivity to the mass hierarchy only if the true value of 8i3 is close to the current limit of 10". The goal of the next generation of neutrino oscillation experiments is to determine whether CP is violated in the neutrino sector and unambiguously determine the mass hierarchy. 
Baseline options within the continental U.S.
Previous studies have demonstrated that excellent sensitivity to CP violation and the mass hierarchy can be achieved by searching for vp -> v, appearance using veIy long baseline experiments with conventional broad-band neutrino beams and massive detectors [6] . In these studies, the sensitivity to CP violation and the mass hierarchy as a function of baseline were determined using a broad-band neutrino beam with a peak energy of around 2 GeV and assuming a massive water Cherenkov detector with a fiducial mass of 300 to 500 kT. We find that the sensitivity to CP violation is roughly the same for baselines between 500 -1500km and worsens slightly for baselines > 1500km [6] . Sensitivity to the mass hierarchy improves by almost an order of magnitude when the baseline is increased from 500km to 1500km and is almost constant for baselines greater than 1500km. The baseline options considered by the Study are constrained to lie within the continental U.S. and are summarized in Table 1 . Based on the results in reference [6] , we conclude that the baseline options available within the continental U.S. can meet the goals of the next generation of long baseline neutrino experiments when matched to neutrino beams with peak energies in the range 1.5-5 GeV.
NEUTRINO BEAM SOURCES
The Study considered three possible sources of conventional horn-focused neutrino beams in the U.S.:
1. The existing NuMI neutrino beamline [3] at Fennilab, with upgrades to the 120 GeV Main Injector proton beam power to produce a 1-2 MW beam. A high purity vp beam (or G) with negligible v, contamination is required.
Its highly desirable to minimize the flux of neutrinos with energies greater than that at which the first oscillation maxima occurs to minimize the neutral-current feeddown contamination at lower energies.
Beamline design and simulations
To achieve the neutrino beam design specifications outlined above, we conducted detailed simulations and studies of the targeting design and materials, and optimization of the decay tunnel geometries.
The current NuMI design and simulations as used by the MINOS experiment to measure neutrino oscillations [lo] are used to generate the neutrino energy spectra at different baselines and off-axis locations. We find that the low or medium energy tunes of the NuMI beamline produce spectra at baselines of 700-8 10km and off-axis angles of 0.8" and 3" that peak at the energies of the IS' and 2nd oscillation maxima respectively. The spectrum of neutrino events at the 1@ and 2nd oscillation maxima at 810 krn is shown in Figure 2 (A) and (B) respectively. The spectrum is normalized to an exposure of 1MW beam power, lo7 seconds of running, and a mass of 1 kiloton. The oscillation probability is overlaid for a value of el3 = 0.04 and several values of 6cp . The NuMI off-axis spectra are narrow-band spectra with a FWHM < 1 GeV. To measure vp -> v, oscillations at the lSt and 2nd oscillation maxima using NuMI, two detectors need to be deployed at the different off-axis locations. A quick survey of the Fermilab site determined that a new neutrino beamline directed towards DUSEL sites in the western U.S. can be accommodated on site. Site restrictions dictate that the maximum length of the target and decay region that can be accommodated is 40th. A wide-band low-energy (WBLE) target and horn design [9] was selected FIGURE 2. The total CC v spectra (histogram) from (A) the NuMI LE tune at 0.8' off-axis, (B) 3' off-axis and, (C) the WBLE 120 GeV beam at 0.5" off-axis. Overlaid are the oscillation probabilities for different values of 6cp at 810km (NuMI) and 1300 km (WBLE) for normal mass hierarchy with sin22e13 = 0.04.
for the design of a new Fernnilab-DUSEL neutrino b d i n e . The sirnulation of the new line was implemented into the NuMI simulation framework. We studied the neutrino spectra produced using different proton energies and decay pipe geometries. The highest power proton beam from Fermilab is achieved at proton energies of 120 GeV. We selected a decay pipe with a diameter of 4m and a length of 380m (the NuMI decay pipe is 2m in diameter and 677m in length) and an off-axis angle of 0.5". The spectra of neutrino events from the WBLE 120 GeV beamline at 0.5" off-axis is shown in Figure 2 with the oscillation probability at a 1300km baseline overlaid. The WBLE 120 GeV spectrum is a wide-band spectrum with a FWHM = 2.7 GeV, peaked near the lSt oscillation maxima and with significant flux at the 2* oscillation maxima at the same far detector location. The WBLE 120 GeV spectnun is well matched to the spectnun obtained from the 28 GeV AGS beamline design that has been used in previous studies [6].
Neutrino event rates
The v, appearance event rate, R, at a given location 2, and for different values of (sign(A&), e13, &p) is as follows:
where SV is the flux of vp obtained from the bearnline simulation, P, is the probability of vp -> v, oscillation, and oCC is the total charged-current V, interaction probability. The values of the other neutrino oscillation parameters that govern the appearance probability are as follows
The average density profile of the earth used to compute the matter effect on the oscillation probability is implemented using the Reference Earth Model [1 11. Table 2 summarizes the event rates expected at select far detector locations using the Fermilab neutrino beam designs described in the previous section. The rates are given for nonnavreversed (+I-) mass hierarchy and for different values of eI3 and 6cp . The table indicates the rates for vp -> v, oscillations as well as the charge conjugate Gp -> rates produced by reversing the horn currents to preferentially select cp. The oscillation probabilities for vp and Gp are expected to be different due to the matter effect The event rates are given in units of 100kT.MW. 107s.
PROPOSED FAR DETECTOR DESIGNS
The neutrino event rates shown in Table 2 for values of 013 of 0.02 (Q13 = 4' ) indicate the need for very massive, efficient detectors and MW class beams to achieve the event rates needed to push the sensitivity to low values of (Il3. The two detector technologies considered by the study are 1) a fully active finely grained liquid Argon time-projectionchamber (LAr-TPC) with a total mass of -100 kT which is suitable for both NuMI and DUSEL based locations, and 2) a massive water Cherenkov detector with a mass 300-500 kT which can be deployed at DUSEL locations.
Liquid Argon TPC
The Study group has conducted preliminary simulation studies of a finely segmented liquid Argon time-projectionchamber (LAr-TPC). Preliminary reconstruction and manual scanning studies of the simulations have indicated that a finely-segmented LAr-TPC could achieve a very high efficiency for selecting neutrino interactions ( 80% of all ve charged-current events ) with the excellent ?rO identification needed to reject neutral current backgrounds. Preliminary results also indicate that excellent neutrino energy resolution in such a detector could be achieved: 20%& for charged-current inelastic events and 5%& for quasi-elastic v, interactions. The v, appearance smeared signal and background obtained fiom a parameterized simulation of a 100 kT LAr-TPC implemented in the GLoBeS El21
For a 10 p second proton beam spill time this corresponds to 4 muon tracks in the detector. . The largest LAr-TPC built is the ICARUS T600 module [13] which has a mass of 600 tomes. The Study has identified the following challenges to the construction of a massive LAr-TPC that need to be addressed:
Construction of the drift wires and Argon purity:
The active volume of a massive 50 kT TPC proposed for this Study has a cylindrical diameter of 40m and a height of 30m, with 36 wire planes extending the height of the detector. R&D programs are ongoing on assembling such long wire planes, and designing the electronics needed to handle noise &om long wires. The long electron drift times in such a massive detector require higher Argon purity than is available commercially. Other designs that avoid long wire planes and drift times are under study. Operation at surface locations: The Study identified a massive LAr-TPC as the best candidate technology for a surface detector off-axis to the NuMI beam The long drift times associated with some of the designs proposed pose a significant challenge to pattern recognition, and live-times on the surface. For a 50 kT module with signal collected over 3 drift times after each beam pulse, the rejection required is -lo8 for cosmic muons and lo3 -lo4 for photons from cosmics. Achieving such rejection factors has not yet been demonstrated in simulations. Operation underground: Operating a LAr-TPC underground would ameliorate the challenges posed by backgrounds from cosmics and would allow the detector to be used for proton decay experiments *, but would require more expensive liquefied gas storage solutions as well as extensive safety systems. More R&D is required to design the underground cavities needed for such a detector. Understanding cost and schedule: Two of the primary cost drivers for a LAr-TPC are the cost of the liquid Argon and the containment tank. For surface operation, the Study estimates that for a 50kT TPC the cost is $68M for the material and the containment tank. Other costs such as the wire planes, electronics, argon purification system, labour ... etc have not been reliably determined yet, nor have the additional costs for operation underground.
Proton decay searches may still be possible in a surface detector with very high bandwidth data-acquisition systems but this has yet to be d,2mozlstrated.
Massive Water Cherenkov Detector
The massive water Cherenkov detector designs considered by the Study are based on well known technology and scaled up from the largest existing detector -Super-Kamiokande (SuperK) [14] . The SuperK water Cherenkov detector is a cylindrical detector 41.4m in height and 39.3m in diameter with 50 kT in total mass. Conceptual designs for a 400kT fiducial detector at DUSEL-Henderson mine and a 300 kT modular detector design at DUSEL-Homestake have been propose& The modular detector design at DUSEL-Homestake involves 3-5 detector modules, each 100 kT in fiducial mass (53 m in height and 53 m in diameter) in separate caverns 4850 feet underground 1151. Each module is thus a modest scale-up of the existing SuperK detector and cavern. The challenge for water Cherenkov detectors l w a d at DUSEL is dernonswting that adequate background suppression of neutral i n t a t i o n s produced by the higher energy neutrinos in the wide-band on-axis beams can be achieved. A study of improved techniques used to suppress the z0 backgrounds using the SuperK full detector simulation and reconstruction is reported in these proceedings [16] . This study indicates that for a wide-band long baseline beam the total signal efficiency is -14% of all v, charged current and -0.4% of all neutral current. The energy dependent v, signal and background efficiencies, and the detector smearing functions obtained from the SuperK simulation were implemented in GLoBeS. The appearance spectrum and backgro m the WBLE 120 GeV is shown in Figure 2 on the right, assuming a detector mass of 300 kT and the sure as with the 100 kT LAr-TPC shown in the same figure. The preliminary cost for a 300 kT fiducial modular water Cherenkov detector at DUSEL-Homestake has been estimated. The cost, including cavern excavation and a 30% contingency, is $335M [15] .
PHYSICS SENSflRrITIES
The oscillation physics sensitivities of the different beam+baseline+detector combinations are determined by generating the v, appearance spectra and backgrounds for many combinations of ijCp and 013 and the oscillation parameter values listed in Equation 2 3, with detector smearing and efficiency included as shown in Figure 3 . The sensitivities to various oscillation physics hypothesis are then determined as follows:
Determining whether 613 is non-zero: Fit the appearance spectrum generated for a particular 013, SV to the oscillation hypothesis with OI3 = 0. Excluding CP-violation: Fit the appearance spectrum to the oscillation hypothesis with ijcp = 0 and n while allowing 013 is allowed to float in the fit. Take the worst X2. Determining the sign of Am&: Fit the appearance spectnun to the oscillation hypothesis with the opposite mass hierarchy while allowing both and ijCp to float in the fit.
The Study group considered many beam+baseline+&tector combinations in the sensitivity calculations, in this section we will summarize the three scenario's with the best sensitivities that were identified: Scenario 1 is the NuMI 0.8" off-axis beam at a baseline 810krn with the 20 kT NOVA detector coupled with a lOOkT LAr detector at the same location. Scenario 2 is the WBLE 120 GeV wide-band beam at the Fermilab-DUSEL baseline of 1300km coupled with a 100 kT LArdetector. Scenario 3 is the WBLE 120 GeV wide-band beam at the Fermilab-DUSEL baseline of 1300km coupled with a 300 kT water Cherenkov detector. The sensitivities for Scenario 1 were estimated using negligible uncertainties on the oscillation parameters, a 5% uncertainty on the background estimate, and allowing the sign of Am:l to float when determining the sensitivity to non-zero 013 CP violation. The 90%, 30, and 5 0 confidence level exclusion limits for determining a non-zero value for 013, for excluding CP violation, and for excluding the opposite mass hierarchy in sin2 2eI3 versus &p are shown in Figure 4 for Scenario 1. The LAr-TPC beam exposure assumed is FIGURE 4. 90%, 30, and 5 0 confidence level exclusion limits for determining a non-zero value for e13 (left), for excluding CP violation (center) and for excluding the opposite mass hierarchy (right) in versus &p. These plots (blue for normal and red for reversed hierarchy) are for a 20 kTon NOVA detector placed at the off-axis location on the NuMI bearnline with a total exposure of 30 x protons in addition to a 100 kT LAr detector placed the same location. The beam exposure is 60 x loZ0 protons for the LAr-TPC divided equally between neutrino and anti-neutrino running. A 5% systematic uncertainty on the background is assumed. FIGURE 5. 30, and 50 confidence level exclusion limits for determining a non-zero value for e13 (left), for excluding CP violation (center) and for excluding the opposite mass hierarchy (right) in sin2 2e13 versus These plots (solid for normal and dashed for reversed) are for a WBLE 120 GeV wide-band beam from Fermilab to DUSEL at a baseline of 1300km. The top set of plots is for a 100 kT LAr TPC and the bottom set of plots are for a 300 kT water Cherenkov detector. The total beam exposure is 60 x protons divided equally between neutrino and anti-neutrino running. A 10% systematic uncertainty on the background is assumed. Figure 5 for Scenarios 2 and 3. A summary of the sensitivity reach for non-zero Ol3, CP violation and the sign of Am$ for 6 different combinations of beams, baselines, detector technologies, and exposure is presented in Table 3 . The sensitivity reach is defined as the lowest sin22013 value at which at least 50% of values will have 2 3 0 reach. For this table we use the mass hierarchy with the worst sensitivity to determine the minimal value of sin2 2613 for which > 50% of Scp values will have 2 3 0 sensitivity to a particular measurement. We note that different options are sensitive to different values of a, , , such that being sensitive to 50% a, , , values does not necessarily imply that a given experimental option is sensitive to the same region of oscillation parameter phase space as another.
We compare the wide-band Fermilab to DUSEL program, option (4), with the narrow-band off-axis NuMI-based program, option (2), for the same exposure of 6.8 MW.yr (1 experimental year is defined as 1.7 x 10' seconds). This is equivalent to an integrated exposure of 60 x l d -O protons-on-target for proton beam energies of 120 GeV. We assume equal amounts of exposure for neutrinos and anti-neutrino (reverse horn current) running. A liquid Argon TPC with a total mass of 100 kT is assumed as the detector technology of choice for the purpose of the comparison. We note that slightly different assumptions on the systematic uncertainties on the oscillation parameters and backgrounds went into the sensitivity estimates for NuMI off-axis (5% uncertainty on the background) and the wide-band Fermilab to DUSEL options (10% uncertainty on the background). The effect of the different assumptions is 5 15% variation on the value of sin2 2OI3 at which the sensitivity reaches 50% of kp. We find that for the same exposure of 6.8 MW.yr, and the same liquid Argon TPC detector technology, the wide-band Fermilab to DUSEL approach has significantly better sensitivity to CP violation, the sign of Nl, and comparable sensitivity to non-zero values of 813. To illustrate the improvement in sensitivity over the existing program, the sensitivities of the current NOVA experiment at the same exposure, are summarized as option (1) in Table 3 . Option (5) summarizes the Fermilab to DUSEL sensitivity when the 100 kT LAr TPC of option (4) is replaced by a 300 kT water Cherenkov detector. We find that the sensitivity worsens due to the lower signal statistics and higher NC backgrounds in a water Cherenkov detector. We can recover some of the lost sensitivity by doubling the exposure of the water Cherenkov detector as shown in option (6) . For the same exposure, the Fermilab to DUSEL program with a 300 kT water Cherenkov detector, option (3, has the same sensitivity to CP violation as the NuMI based program with a 100 kT LAr TPC in options (2) and (3) and significantly better sensitivity to the sign of Am:, . We find the Fermilab to DUSEL program with a 300 kT water Cherenkov detector has similar sensitivity to non-zero 013 as the NuMI based program with two 50 kT LAr P C ' s at the 1' ' and 2& oscillation maxima, option (3).
SUMMARY AND CONCLUSIONS
The US Long Baseline Neutrino Experiment Study has concluded its survey of future long baseline neutrino oscillation experiments in the U.S. using conventional neutrino beams. The physics sensitivities and technical challenges of different experimental options were considered. We summarize the findings of the Study as follows:
Values of sin220l3 down to 0.02 can be measured by the currently planned Phase I (NOVA, T2K) experiments. Phase I experiments however, have limited or no sensitivity to determining the mass hierarchy, and essentially no sensitivity to &p . * The experimental options considered by the Study (Phase II experiments) will all improve the sensitivity to CP violation by at least an order of magnitude over the existing Phase I program. A NuMI off-axis program with two 50 kT LAr-TPCs at the lSt and 2nd oscillation maxima at baselines of 810 and 700 km respectively has marginally better sensitivity to the sign of but significantly worse sensitivity to non-zero 013 when compared with putting the full 100 kT mass at the lSt oscillation maxima. Given the same exposure and detector technology (LAr-TPC), the Fermilab to DUSEL program with a wide band beam has significantly better overall sensiti~ty to neuutrino oscillations when compared to a shorter baseline NuMI based program with an off-axis beam (see Table 3 ). The technical challenges for building a massive LAr-TPC have been identified. Currently, the feasibility and cost of building a massive LAr-TPC -particularly one that can operate on the surface -has not been demonstrated and requires long term R&D efforts.
* The Fermilab to DUSEL program with a 300 kT water Cherenkov detector has similar sensitivity to CP violation when compared to a N M oB-axi a 100 kT LAr TPG, and significantly better sensitivity to the sign of Am;,. The modular water ctor proposed is a modest scale up from the existkg SuperKamiokande detector and the technical feasibility is considered low-risk. A preliminary cost estimate exists for such a detector and is approximately $335M for 300 kT fiducial, including cavern costs and a 30% contingency factor.
* Although the Fennilab-DUSEL approach has the best physics sensitivities (both with a LAr-TPC and a water Cherenkov detector), it requires a new neutrino beamline to be built. Such a beamline can be accommodated on-site using part of the existing NuMI e but constitutes an additional cost to the project. A DUSEL based underground neutrino detector can support a wider physics program including but not limited to proton decay, supernova neutrinos, and geo-neutrinos.
It has yet to be demonstrated that a massive surface detector can accommodate a broader physics program.
